Abstract-An analysis is made of the measured distributions of the fade slope of rain attenuation, conditional for attenuation values, measured at Eindhoven University of Technology from the satellite Olympus. It is found that the distribution is similar for positive and negative fade slopes and independent of frequency in the range from 12 to 30 GHz. A distribution model for the conditional distribution is found. The only parameter of the distribution is the standard deviation, which is found to be proportional to attenuation level and dependent on rain type, on the low-pass filter bandwidth and on the time interval used in the slope calculation. The observed relation between the standard deviation and attenuation is compared with results from other measurement sites. From this comparison it is found that the fade slope standard deviation is likely to depend on elevation angle and on climate, through its dependence on rain type.
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I. INTRODUCTION
T HE statistical aspects of rain attenuation on microwave links have already widely been measured and studied. This paper concentrates on a particular dynamic aspect: the rate of change of rain attenuation or "fade slope." Information about the maximum fade slope to be expected is important, e.g., for the design of adaptive fade countermeasures.
A common fade countermeasure system is open-loop up-link power control (ULPC), in which the attenuation on a satellite uplink is estimated from the attenuation measured on the downlink by frequency scaling and compensated by increasing the transmitted power on the uplink e.g., [1] . Information about the fade slope to be expected is hereby essential to assess the required minimum tracking speed of a ULPC system. Sweeney and Bostian [2] theoretically examined the dynamics of rain-induced fades by evaluating the rate at which the first Fresnel zone volume fills with rain. Their analysis, although it neglects many important influences, gives useful insight into the physics of fade changes. The main conclusion is that there is no deterministic relation between attenuation and fade slope, because the latter depends on other stochastic parameters and varies with time. Therefore, instead of a deterministic relation, in this paper the probability distribution of fade slope will be studied and its dependencies assessed.
Buné, Herben, and Dijk [3] analyzed the physical dynamic behavior of rain events. They started from an assumed attenuation event, during which the fade slope depends on attenuation level similarly as found by Matricciani [4] . Assuming a cylindrical rain cell which would be moved across the propagation path by wind, they then looked for a rain intensity profile which would correspond to this attenuation record. A rain rate profile which agrees with meteorological measurements from other sources appeared to give a good fit. Furthermore, they found from their measured attenuation data that at least about half of the events corresponded well with the assumed attenuation record they started with. From these analyses is found that the fade slope probability distribution is likely to depend on climatic parameters. Due to the dependence on attenuation and on rain rate profile, the fade slope will depend on the drop size distribution and therefore on the type of rain. A convective rainstorm may cause different fade slopes than a widespread rainstorm. The horizontal wind velocity perpendicular to the path is another climatic parameter of influence, determining the speed at which the horizontal rain profile passes across the propagation path.
Both analyses were made under the assumption of one rain cell with a certain rain rate profile. If more rain cells and/or different kinds of rain can be present, the fade slope is likely to decrease with path length. A certain attenuation level on a longer path is more likely to be caused by widespread rain, or by several rain cells integrated over a longer distance, while the same attenuation on a shorter path is more likely to be due to a single, more intense rain cell. The widespread rain or combination of rain cells on the longer path is less likely to change rapidly than the single rain cell. It can be concluded that the expected fade slope at a given attenuation level is likely to decrease with path length and therefore increase with elevation angle on satellite links.
Summarizing, it is expected that the fade slope depend on the following climatic parameters:
• attenuation level;
• drop size distribution;
• rain type (widespread/convective); • (horizontal) wind speed;
• path length (through rain). Furthermore, the measured fade slope is likely to be influenced by dynamic parameters, or time constants, of the receiving system. A receiver with a longer integrating time is likely to reduce the instantaneous fade change and spread it out over a longer period of time.
In this paper, several properties of the fade slope will be analyzed using measurement results from Eindhoven [5] , [6] .
II. MEASUREMENT ANALYSIS

A. Measurement Results
The beacon signals from the satellite Olympus, at 12.5 GHz, 20 GHz (dually polarized) and 30 GHz, were received and an- alyzed at Eindhoven University of Technology. Fade slope statistics were generated from 104 attenuation events, measured between January 1991 and June 1992. The attenuation during the events had been sampled at a frequency of 3 Hz and averaged over every second. The elevation angle of Olympus seen from Eindhoven was 26.8 .
For the fade slope analysis, the attenuation data were low-pass filtered to remove fluctuations due to tropospheric scintillation. The optimum filter bandwidth was determined from the power spectrum of the signal variations, as the threshold frequency between the attenuation spectrum, which decreases with frequency, and the flat part of the scintillation spectrum. The value of this threshold frequency varies from event to event, but a value of 20 mHz was found as a lower limit. A filter bandwidth of 20 mHz was therefore used, which is expected to effectively remove the scintillations.
Inevitably, the low-pass filter will also remove attenuation variations with time periods shorter than 1/20 mHz 50 s. This is likely to affect the fade slope results; this subject is addressed in Section II-E.
In Fig. 1 , the numbers of data points (seconds) for each attenuation value and for each beacon signal are shown. As can be expected, the amounts of data decrease with attenuation and for a given attenuation increase with frequency. This will be important information for an accuracy evaluation, as given in Section II-C.
For each sample the fade slope was calculated as
where is attenuation and is the sample number. Joint statistics of and were generated for each beacon signal. The sizes of the bins were 0.001 dB/s for and 1 dB for . In Fig. 2 , the conditional probability densities are shown for the fade slope , for in the bins 1, 2,… 5 dB. This figure shows that the fade slope is always distributed around 0 dB/s and has a spread which increases with attenuation. Furthermore, the distributions are very similar for the different beacons, even though the samples were very differently distributed over the attenuation bins for the three frequencies. This suggests that the conditional distribution of for a certain value of is independent of frequency. This point will be addressed more quantitatively in Section II-C.
Some properties of these distributions will be studied and a model for the distribution will be formulated in the following sections. Fig. 2 shows that the distributions are very similar for positive and negative fade slopes. The same was observed for the other attenuation bins. In order to check this quantitatively, some parameters were calculated from the distributions: the median slope values and the average positive and negative slopes.
B. Time Symmetry
No substantial deviation of the median value from zero was found. When varying from 1 to 12 dB, the median divided by the standard deviation fluctuated, positively as much as negatively, between 0.1 and 0.1, with an average between 0.03 and 0.03, depending on the frequency. Similar calculations were made for subsets of data, using only the events with peak attenuation below or above certain threshold values, in order to separate the stratiform and convective rain events. The threshold attenuation used was varied from 1 to 20 dB. Also here, no substantial deviation of the median value from zero was found in either direction, for any threshold value.
Another indicator of asymmetry of the distribution could be the difference between the average positive slopes and the average negative slopes. However, also here no sign of asymmetry was observed. The average positive slope was larger than the average negative slope in 54% of the cases, for dB. The relative difference between the average positive and negative slopes was almost always between 15 and 15 . Similar results were again found from subsets of data with peak attenuation below and above various thresholds.
It is thus found that the measurements show no sign of asymmetric behavior of the fade slope distribution, either for the whole database or for only low-or high-attenuation events. This shows that on a statistical basis, attenuation events are symmetrical. This result was also found by other experimenters [3] , [4] , [7] , [8] .
C. Attenuation Dependent Distribution Model
For the conditional distribution of fade slope for fixed values of attenuation (shown in Fig. 2 ), a reasonable fit was found with the following model distribution
This distribution is symmetrical around zero. Its mean value is (consequently) 0 dB/s and the only characterising parameter is , the standard deviation of . Compared to a Gaussian distribution with the same standard deviation, the distribution of (2) has higher tails and a higher, sharper peak. In Fig. 3 , the distribution is shown for different values of . Comparing Fig. 3 with Fig. 2 it can be seen that the distribution of for any fixed value can be approximated by (2), with as the only characterising parameter and that is dependent on . To find the relation between these, the value of was calculated from the conditional distribution of for every -bin, for every beacon signal. In Fig. 4 , the results are shown as a function of . This figure shows that is approximately proportional to and that the relation of with is very similar for all frequencies.
In Fig. 4 , the fluctuating results for attenuation values above about 8 dB are caused by a decreasing accuracy in the calculation of the standard deviation, due to the decreasing number of data points, shown in Fig. 1 . This effect is strongest at 12.5 GHz, because the number of samples for large attenuation values is smallest at this (lowest) frequency. An accuracy evaluation of the calculation of is made as follows. The rms relative error of a standard deviation calculated from a sample distribution is given by [9] ( 3) where is the number of samples in the distribution from which the standard deviation is calculated. Using this formula and the numbers of data points shown in Fig. 1 , is found that the rms relative error of in Fig. 4 increases with and decreases with frequency. For dB, at 12.5 GHz ( ) the error is 6%, at 20 GHz ( and 1372) 2% and at 30 GHz ( ) 1%. Since the relative error is even smaller for smaller , this indicates that the conclusion from Fig. 4 that is proportional to , is justified. The theoretical frequency dependence of the fade slope distribution can also be estimated. According to the ITU-R [10] , rain attenuation statistics can be scaled in frequency in the range 7 to 55 GHz by the formula (4) where (5) and is the frequency in GHz. According to (4), the ratio between equiprobable attenuations and at 30 and 20 GHz is almost constant: with at 20 GHz varying from 1 dB to 20 dB, this factor varies from 2.07 to 1.81. Similarly, the ratio between equiprobable attenuations at 12.5 and 20 GHz varies from 0.41 to 0.44. This means that the distribution of at one frequency is almost proportional to that of at another. Furthermore, instantaneous values at two frequencies are generally found to be not perfectly, but reasonably, correlated e.g., [11] . Because of this, also the instantaneous and are approximately proportional. This property is already used in many fade countermeasure systems, where the attenuation at one frequency is estimated from that at the other e.g., [1] . This property can be expressed by a scaling factor (6) which is approximately true for each separate sample and for each frequency pair and . From (1) it follows that then also (7) is approximately true for every separate sample. The standard deviation of the distribution of at conditional for must then also be proportional to of the distribution of at in the same portion of time, i.e., conditional to (8) In Fig. 4 , was found to be approximately proportional to for all frequencies (9) It follows easily from (6), (8) and (9) that the proportionality factors and must be the same. It thus follows that if the conditional fade slope distribution is proportional to , it must be independent of frequency in the range 12 to 30 GHz, even though the rainy conditions which cause a certain attenuation are very different for different frequencies.
This is in agreement with Figs. 2 and 4, where no significant difference between the results of different frequencies was found. Also Feil, Ippolito Jr., Helmken, Mayer, Horan and Henning [8] observed from measurements from the ACTS-satellite at several ground stations in the US, that the probability of the fade slope at a given fade level was very similar for 20 and 27 GHz. Of course, the total distributions of fade slope may still be frequency dependent, due to frequency dependence of the attenuation statistics.
In order to increase the amount of data per -bin, the distributions of for all four beacon signals were put together in one distribution for each bin and the standard deviations were again calculated. The result, as a function of , is also included in Fig. 4 (thick dashed line) . The result is obviously more stable than the curves for the different beacons and confirms that is approximately proportional to for the analyzed data set from the ground station in Eindhoven. Later, this result will be compared to results from other measurement sites.
D. Dependence on Rain Type
As discussed earlier, the fade slope depends on horizontal wind velocity and drop size distribution and its distribution is therefore likely to be climatic dependent and dependent on the type of rain. In particular, in a convective rainstorm the rain intensity can be expected to change suddenly by large steps, while in stratiform rain it varies more gradually, even though the average intensity may be equal to that of the convective storm.
It was studied whether this difference in typical behavior has any effect on the fade slope distribution, in the following way. The database was divided in events with peak event attenuation below certain thresholds, in order to isolate stratiform rain and above certain thresholds, in order to isolate convective rain. The attenuation at 30 GHz (after low-pass filtering) was used in this criterion. The attenuation threshold was varied from 1 to 20 dB. The numbers of events in both groups varied with the attenuation threshold: at a threshold of 1 dB, all of the 104 events were classified as 'convective'; at 10 dB, 37 events; at 15 dB, 18 events; and at 20 dB, 10 events. The dependence of on was again determined for each data selection; these all again appeared to be approximately proportional. The coefficient was determined for each case and the results are shown in Fig. 5 .
This figure shows that significantly decreases if only the light events are selected and increases slightly when only heavy events are selected. This means that the conditional fade slope standard deviation is smaller for light rain events than for heavy rain events, for equal -values. This is a first indication that the fade slope distribution is dependent on rain type. No quantitative conclusions can yet be drawn from this result, because events of the two rain types were probably not completely separated. It is impossible to effectively detect stratiform or convective rain using only the peak event attenuation. Nonetheless, this qualitative conclusion is useful when the results of Eindhoven are compared to those from other sites and climatic dependencies are considered.
E. Dependence on Filter Bandwidth and Time Interval
There is reason to expect that the fade slope distribution is dependent on low-pass filter ('LPF') bandwidth and on the time interval between the samples used for the slope calculation.
Matricciani [12] performed experiments with fade slope statistics, measured from the satellite SIRIO at the ground station of Gera Lario, Italy. Scintillation effects were removed by low-pass filtering the data with two moving-average filters with different time periods: 1 s and 4 s, in order to compare the results. From these two analyzes, he found distributions of similar shapes, apart from a multiplication factor: the fade slope exceeded for the same probability was significantly larger for the larger filter bandwidth. He explained this by the smoothing and resampling which causes longer rising and sinking times over a given attenuation interval. If the same effect is true for other measurements, the results of the previous section should also be dependent on the bandwidth of the filter used. Maseng and Bakken [13] derived a theoretical model for the dynamic behavior of rain attenuation. From the result it can be seen that for small time intervals between two attenuation samples, the standard deviation of the second one, given the first one is known, increases proportionally to . If the fade slope is calculated as the difference between these two values divided by the time interval between them (as in (1), where is 2 s), it can be calculated that its standard deviation is proportional to . However, neither of these dependencies is likely to be uniformly valid. If the fade slope is calculated between two samples with a time interval between them much larger than the inverse of the filter bandwidth , the LPF will not affect attenuation changes over the time , so the fade slope standard deviation will not depend on . On the other hand, if is much smaller than , then on a time scale of the order of , the filtered signal will show no sudden changes. In this situation the calculated fade slope is the time derivative of attenuation, regardless of the exact length of . The instantaneous fade slope will then be independent of and so will its standard deviation .
In order to quantify the dependence of fade slope standard deviation on filter bandwidth and time interval, van de Kamp and Clérivet [14] showed that the conditional fade slope standard deviation is proportional to the following expression: (10) where is the LPF bandwidth (Hz) and is the time interval (s). This function is plotted in Fig. 6 . For , can be approximated by and for , by . The filtering method in this analysis and in the data processing in Eindhoven, had been to sharply cut off all frequency components above . However, in many other fade slope analysis procedures, moving-average filters are used. These filters replace each sample by the average of the samples in the block of length around it. In order to compare the effects of these filters, a selection of data was processed using sharp filters with bandwidths from 0.5 to 500 mHz and moving-average filters with averaging times from 2 to 2000 s. It appeared that the results were very similar when an effective filter bandwidth for moving-average filters is defined as (11) The same test was performed for so-called -filters. This type of filter is similar to a moving-average filter, but before averaging it multiplies the samples in the block by a -shaped function, with the nulls at the edges and the maximum in the center. This action removes all discontinuities from the signal. From this test, it was found that an effective filter bandwidth for -filters is given by (12) It can be concluded that the dependence of on filter bandwidth for any LPF filter is expressed by (10) . For moving-average filters and -filters, the effective signal bandwidth can be calculated from (11) and (12) . It should also be noted that using large filter bandwidths (from about 100 mHz), the result is likely to contain tropospheric scintillation.
III. COMPARISON WITH OTHER SITES
Fade slope has also been measured and analyzed at many other experimental sites and the results of some of these studies have been published in literature. Also, measured rain attenuation data from several experimental sites have been submitted to ONERA, Toulouse, France, where fade slope statistics have been analyzed from them. In this section, some of these results are compared to the results from Eindhoven, in order to assess the influence of other parameters than those discussed in the previous sections.
Statistical results of fade slope from publications are considered only where these are given specifically for different attenuation levels. This is because, as was seen above, the distribution of fade slope depends strongly on the attenuation statistics. Comparison of the total distribution between different sites would therefore be very complicated.
Experimental results from 12 sites were collected [7] , [8] , [15] - [19] . In Table I , parameters of the measurement sites are given. Some details on the data processing procedures at the different measurement sites are given in the Appendix. In the publications, the measurement results are usually presented in graphs. The information has been extracted from these by enlarging the paper copies and scanning the graphs by hand. This way, an estimated accuracy of 0.1 of the maximum range of the graphs could be reached.
The standard deviation was estimated from the published distributions as follows. The theoretical relation between the standard deviation and the probability of samples in each bin was calculated from the model distribution (2) . By inverting this relation, could be estimated from each bin content of the measured distributions. This was done for all of the reported conditional fade slope distributions. In most cases, the resulting was similar for all bins of a distribution, which indicates that (2) is a good estimate of the measured distributions. The few The measurement sites involved in the ACTS-project had a particular problem: a water-absorbing antenna coating which during rain events caused an extra attenuation of up to 3 dB at 20.2 GHz and up to 5 dB at 27.5 GHz [20] . In general, it can be expected that once the antennas had gotten wet, the attenuation caused by this effect was relatively constant during the rain events. Because of this, the fade slope will not have been affected very much, but the concurrently measured attenuation was a few dB higher than that caused by rain alone. In the online ACTS-database (http://rossby.metr.ou.edu/~actsrain/), correction values are provided to compensate attenuation distributions for this effect. The fade slope distributions used in this study have been corrected, by adjusting the bin values according to these correction values.
Comparing the results from all of the sites, it appeared that the values of were not significantly different for different frequencies, similarly as found from the Eindhoven results. This confirms once more that does not depend on frequency in the frequency range considered. The resulting values from the different frequencies were averaged for each -value.
As was found in the previous section, depends strongly on the filter bandwidth and time interval used in the data processing. In order to compare the different results, the values of were normalized by dividing them by from (10), where is the time interval and is the LPF bandwidth, which was estimated using (11)- (12), depending on the type of filter.
In Fig. 7 , the normalized standard deviations from all of the reported sites are plotted as functions of . This figure shows, that although for all sites increases with , some significant differences remain. For each station, the normalized can be approximated as proportional to dB/s (13) The value of the coefficient was determined for each station by fitting zero-offset straight lines to the curves of Fig. 7 Feil et al. [8] explained the different result from Fairbanks from those from Tampa and White Sands by suggesting that the fade slope distribution is dependent on elevation angle. This seems plausible, considering that lower elevation links have a longer path length through rain. As discussed before, a certain attenuation level on a longer path, being more likely caused by widespread rain or several rain cells, is less likely to change rapidly than the same attenuation on a shorter path, more likely caused by a single rain cell. A parameter expressing the influence of the elevation angle by the expected dependence on path length is sin , which is proportional to the path length through rain (if the rain height is constant). In Fig. 8 , the parameter is shown for all sites versus sin . Fig. 8 indeed seems to indicate an elevation dependence: both and sin are relatively low in Fairbanks and Blacksburg and relatively high in la Salle, White Sands and Tampa. On the other hand, in Blacksburg is lower than in Fairbanks and in la Salle higher than in White Sands and Tampa. This indicates that there may be other influencing parameters than the elevation angle.
Earlier, it was discussed that, because of the influence of drop size distribution and wind velocity, the distribution of fade slope may be climate dependent. An explanation of the differences may then be found from the climatic characteristics of the measurement sites, according to the Köppen classification [21] . In northwestern Europe (Marine West Coast Climate), rain is usually of the widespread type, while in la Salle (Middle-Latitude Steppe), White Sands (Subtropical Steppe) and Tampa (Humid Subtropical Climate) convective rain prevails. This suggests that convective rain causes higher fade slopes than widespread rain for similar attenuation values, which is in agreement with an earlier conclusion. Also in Fairbanks (Subarctic Climate) the rare rain is usually convective, but is relatively low. This may be due to the low elevation angle, which indicates that the elevation angle also has some influence. Blacksburg is, according to Köppen, in the same climatological region as Tampa, but its is lower. This can be due both to the lower elevation angle and to the more northerly location, causing the site to experience more middle-latitude cyclone fronts with widespread rain than Tampa. A meteorological parameter which expresses the prevalence of convective rain was provided by J. Pedro V. Poiares Baptista of ESTEC. This parameter , the convectivity of rain, represents the average amount of convective rainy time relative to the total rainy time. It was given in a global matrix with a spatial resolution of 1.5 both in latitude and longitude. The value of for the sites considered here was calculated by two-dimensional linear interpolation between the four nearest grid points. The results of this are: Fig. 9 , the parameter is shown versus the rain convectivity . This figure shows a significant correlation in some, but not in all cases. In particular, in la Salle is much larger than in Blacksburg, while is almost equal in those two places. Since both parameters sin and show partially a good correlation with , it might be expected that using a combination of the two, all differences between the results may be explained and a global prediction model of the fade slope distribution may be developed. Unfortunately, this appears not possible. The cases with poor correlation between and sin (Blacksburg vs. Fairbanks; and La Salle vs. Tampa and White Sands) also show a poor correlation between and . The inclusion of in addition to sin does therefore not improve the predictability of .
It can thus be concluded that is probably dependent on and on or another parameter expressing the convectivity of rain, but the exact form of this dependence remains as yet unclear. is lowest in the Subarctic and Marine West Coast climates and highest in Steppe and Subtropical climates. It is also possible that geographical parameters (coast/desert/mountains) influence the local behavior of rainstorms and thereby the fade slope distribution. The search for meteorological or geographical parameters which can explain the differences in and form with (13) a prediction model of , remains a subject for further study.
IV. CONCLUSION
The long-term probability distribution of fade slope , for a certain value of attenuation, is similar for positive and negative fade slopes, independent of frequency in the range from 12 to 30 GHz, but dependent on filter bandwidth and time interval. For a given fixed link it only depends on rain type and attenuation level. The conditional distribution can be approximated by (2) . The only parameter of this distribution is the standard deviation , which for a given link is approximately proportional to attenuation . It can be approximated by (13) . The coefficient in this equation is independent of frequency, but differs for different rain types and also between different sites. It is likely to depend on elevation angle and on climate. Results from several sites indicate that is lowest for the Subarctic and Marine West Coast climate and highest for Steppe and Subtropical climates.
V. REMARKS W.R.T. ADAPTIVE FADE COUNTERMEASURES
The results obtained in this paper are important steps in the development of a model to predict rain fade slope from attenuation statistics or from momentary attenuation values. This information is useful to assess the minimum speed with which a fade countermeasure system should be able to track changes in rain attenuation.
As this paper addresses only the effects of rain, the results obtained are applicable to the compensation of rain attenuation, not of signal fluctuations due to scintillation. The results can be used e.g., in a ULPC system where the downlink signal is low-pass filtered and only this low-frequency component on the uplink is estimated and compensated. Since in the frequency range considered, signal fades due to scintillation are much smaller than those due to rain, typically up to only a few dB, ignoring the fast fluctuations will mean that the signal level is kept within a margin of a few dB. The accuracy of the compensation is in this case given by the amount of fast scintillation on the up-link signal. Errors in the attenuation estimation on the downlink due to signal noise will be greatly reduced by the low-pass filtering.
For ULPC systems which also estimate the faster signal fluctuations due to scintillation (e.g., using a separate frequency scaling procedure), additional information on the signal slope due to scintillation will be needed to assess the required tracking speed. These systems will compensate the signal level variations more accurately, however, the accuracy of the fade estimation will be limited by at least the following points: the correlation of fast scintillations on the up-and downlink at different frequencies is small [22] and the faster fluctuations will also contain more signal noise, which is uncorrelated between the up-and downlink signals.
APPENDIX DETAILS ON THE DATA PROCESSING PROCEDURES AT THE DIFFERENT MEASUREMENT SITES
In Blacksburg, Virginia [7] , propagation terminals continuously measured signals from the three Olympus beacons. The analysis 'year' consists of January-May and SeptemberDecember 1991, completed by June-August 1992 to compensate for Olympus' summer holiday in 1991 [5] . Data were saved at a 10 Hz rate. Diurnal signal level variations due to spacecraft motion were removed. To alleviate sensitivity to small variations in the received signal, 10 s moving averages of attenuation were used for the fade slope, which was calculated as the difference between attenuations 5 s before and 5 s after an attenuation threshold was crossed, divided by 10 s. Fade slopes were determined for attenuation thresholds of 1, 3, 5, 10, 15, and 20 dB and sorted into bins of 0.05 dB/s wide.
In Chilton and Sparsholt, UK, [15] , beacon signals from the Olympus satellite were measured and analyzed at Rutherford Appleton Laboratory. In Chilton the 29.7 GHz beacon was measured from June 1990 to May 1991 and in Sparsholt the 19.8 GHz beacon was measured from September 1992 to August 1993. The data were sampled with a time resolution of 1 Hz. Scintillation was removed from the data using a 10 s moving average LPF. The fade slope was determined at each second as the difference between attenuation (in dB) 5 s before and 5 s after the time of reference, divided by 10 s. The fade slope data were collected in conditional distributions with bin size of 1 dB for attenuation and 0.05 dB/s for the fade slope.
In Fairbanks, Alaska, Tampa, Florida and White Sands, New Mexico [8] , signals were received from the ACTS satellite of NASA, from December 1993 to November 1995. Data were recorded at a sampling rate of 1 s. Scintillation was removed using a 100 s -LPF. The fade slope was calculated as the difference between attenuation levels 5 s before and 5 s after an attenuation threshold was crossed, divided by 10 s. Fade slope statistics were classified according to fade slope value in 0.1 dB/s intervals and to attenuation value in 1 dB intervals, centered at 1, 3, 5, 10, 15, and 20 dB. As on all ACTS-sites, the antennas had a water-absorbing antenna coating, which caused extra attenuation during rain events.
In Gometz-la-Ville and La-Folie-Bessin, France [16] , an Olympus measurement campaign was conducted by CNET/CETP in Paris. The 20 and 30 GHz beacons of the Olympus satellite were recorded, using a 9 m Cassegrain antenna in Gometz-la-Ville and a 1.3 m Cassegrain antenna in la-Folie-Bessin. The time resolution was 1 Hz. The measurements started at both stations in May 1992. The 30 GHz measurements continued until 12 October 1992, when this Olympus transmitter broke down. The 20 GHz measurements continued until April 1993 in La-Folie-Bessin and until the end of the satellite's operation time at 12 August 1993 in Gometz-la-Ville. The signal level data, at both frequencies, of the whole period were submitted to Onera, Toulouse, France. There, the data were low-pass filtered with a 40 s -LPF. Fade slope statistics were obtained from these data using the same procedures as from the Eindhoven data.
In La Salle, Colorado [17] , the two beacon signals of the ACTS satellite were received from January 1994 to December 1998. A 10 s moving average was applied to remove signal fluctuations due to scintillation. The fade slope was defined only if the attenuation level crossed a specified threshold and remained either larger or smaller than the threshold for more than 10 s. The fade slope for a given threshold crossing was defined as the difference between attenuation levels 5 s before and 5 s after an attenuation threshold was crossed, divided by 10 s. The fade slope was calculated for threshold values 1, 2, 3,… 31 dB and classified in bins of 0.05 dB/s wide. Also this antenna had a water-absorbing antenna coating which caused extra attenuation during rain events.
In Lessive and Louvain-la-Neuve, Belgium [18] , the three Olympus satellite beacons signal levels have been measured and processed using the DAPPER software at the Université Catholique de Louvain. At Lessive, the 0 dB-level of the corresponding beacon measurements was determined from the clear-sky mean level. At Louvain, meteorological ground measurements were used for template extraction. Three months of measured and processed data from both stations, measured in July and October 1990 and March 1992, were submitted to Onera, Toulouse, France. There, the data were low-pass filtered with a sharp filter with cut-off frequency of 20 mHz. Fade slope statistics were obtained from these data using the same procedures as from the Eindhoven data.
In Sparsholt, UK [19] , the Radio Communication Research Unit of Rutherford Appleton Laboratory measured signals from the 19, 40 and 50 GHz beacons carried on Italsat satellite F1. Attenuation along the path due to rain and clouds was estimated from the beacon signals by comparing these with clear sky levels, identified using coincident radiometer measurements. Two months of measured and processed data from Sparsholt, measured in August and October 1997, were submitted to Onera, Toulouse, France. There, the 19 GHz data were low-pass filtered with a 40 s -LPF. Fade slope statistics were obtained from these data using the same procedures as from the Eindhoven data.
